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ABSTRACT
MODELING AND SIMULATION OF A HYBRID PV/WIND/BATTERY
STORAGE OFF-GRID POWER SYSTEM
Tareq Kareri, M.S.
Department of Electrical Engineering
Northern Illinois University, 2017
Donald Zinger, Director
Many parts of remote areas in the world are not connected to the electrical grid even
with current advanced technology. Hybrid renewable energy systems (HRES) are very suitable
to supply electricity to remote and isolated areas. This paper focuses on the modeling, analysis,
and simulation of a hybrid (photovoltaic/wind/battery storage) power system. The PV and wind
energy systems are used as primary energy systems and the battery is used as a backup energy
system. The battery storage system is used to store extra power from the hybrid PV/wind system
and to supply continuous power to load when the hybrid system power is less than load power. A
bidirectional DC-DC converter controlled by a fuzzy logic controller (FLC) is used to manage
and regulate the energy system. A control technique, which is maximum power point tracking
(MPPT), has been applied to capture the maximum power point from the PV system and the
wind energy system. DC-DC converters are used with MPPT controller to reduce losses in the
hybrid system. The solar photovoltaic (PV) and wind turbine generator systems are studied under
changing environmental conditions. MATLAB/Simulink software is used to model, simulate,
and analyze the entire hybrid system.
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CHAPTER 1
INTRODUCTION

1.1 Introduction to Renewable Energy
Energy is very necessary for the progress of nations, and it is the ultimate factor
responsible for industrial and economic growth of any country. Hence, it has to be preserved in a
more effective manner. Sufficient importance should be given to maintaining the energy
resources in the most effective way. Also, technologies should be advanced to produce energy in
a most environment-friendly manner [1]. Fossil fuel has been the main element in producing
energy since the beginning of the industrial revolution [2]. Fossil fuels are non-renewable
resources because they need millions of years to renew themselves again. The general definition
of renewable resources is those that are easily available in nature like, wind energy, or that can
be renewed in short periods of time, such as biomass fuels. Nowadays, there is unprecedented
interest in research and projects of renewable energy by a lot of organizations and countries
because there is a concern about dependence on limited fossil energy and environmental
pollution. That has spurred researchers to develop renewable and clean energy sources to protect
the environment and reduce fossil energy reliance [3]. Renewables are the quickest growing
source of energy for electricity production, with estimated annual increases of 2.9% from 2012 to
2040 as shown in (Figure 1.1) [4].
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Figure 1.1: Global electricity generation, 2012–2040 (trillion kWh) [4].

There are many renewable energy resources, like hydroelectric, solar, wind, and
geothermal energy. The fastest growing renewable energy resources in the world from 2012 to
2040 are hydropower, solar and wind energy as shown in (Figure 1.2) [4].

Figure 1.2: Global electricity production from renewable power, 2012–40 [4].
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According to the REN21 report, cumulative global installed PV installations exceeded
227 Gigawatts (GW) in 2015, compared to just 40 GW at the end of 2010, and it is presumed to
reach 756.1 GW by 2025 at a compound annual growth rate of 13.1% as shown in (Figure 1.3)
[5]. Recently, the solar energy market was concentrated in rich countries. But now, developing
markets around the world have begun to contribute considerably to global growth. Market
growth in most of the countries is often due to the growing competitiveness of solar energy,
increasing need for electricity, and mounting knowledge of solar energy potential since nations
attempt to overcome pollution and carbon dioxide emissions [5].

Figure 1.3: Solar PV global capacity, 2005–2015 [5].

Wind energy plays a significant role in power supply in several countries. In 2015, wind
power capacity was a valued 11.4% of electricity consumption in European Union countries [5].
Wind power registered another record year in 2015, a 118.69% jump over the 2010 market for a
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global result of approximately 433 GW, with more than 63 GW added compared to the 2014
market as shown in (Figure 1.4) [5].

Figure 1.4: Wind power global capacity, 2005–2015 [5].

1.2 Introduction to Hybrid Renewable Energy System
Hybrid renewable energy system merges two or more renewable energy resources as one
system with a control system which enables the system to supply power in the desired quality
[6]. Solar and wind energy sources have unpredictable random behavior. Solar energy is
unreliable because the solar radiation levels are affected by certain environmental and climatic
conditions like temperature and clouds [7]. Although wind can produce a huge amount of power,
it is extremely irregular in nature. Thus, wind energy is also considered unreliable energy.
Energy storage systems can be used to boost and improve the stability and reliability of
renewable energy systems. Hence, a hybrid system that includes solar PV, a wind turbine, and a
battery storage system together is generally more reliable than wind or the solar PV system
individually [8].
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In this research, a hybrid solar PV/wind power system with a battery storage system is
modeled, studied, and simulated. When the solar PV system or wind system is off, the other
system can supply power to the load. The block diagram of the hybrid system is presented in
(Figure 1.5) [7].

Figure 1.5: Block diagram of the proposed hybrid system.
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1.3 Research Motivation
Saudi Arabia is facing a high rate of demand for energy as the nation’s population grows.
The demand for electricity in Saudi Arabia is expected to exceed 120 GW in 2032. Also, it
produces much of its electricity by burning oil, unlike most countries that use alternative energy.
Even though it has an effective natural environment for solar and wind energy, it still needs a
competitive renewable energy sector. According to Saudi government reports, Saudi Arabia has
adopted "Vision 2030” as a methodology and roadmap for economic and developmental action
in Saudi Arabia. It has put forward an initial target of producing 10 GW of renewable energy as a
first stage by 2023. Also, Saudi Arabia seeks to localize a vital part of the renewable energy
value chain in the Saudi economy. So, Saudi Arabia is supporting research and manufacturing in
the renewable energy sector to support and improve this sector.

1.4 Thesis Objective
•

To design and simulate an off-grid hybrid solar photovoltaic-wind power system with
battery storage.

•

To make the hybrid system work perfectly under varying weather conditions and
different modes of operation.

•

To obtain a constant load voltage (110V) in all modes of operation.

•

To get maximum power from the PV array and wind turbine system.

CHAPTER 2
LITERATURE REVIEW

Because of the high demand for energy and insufficient availability of traditional energy
sources, which are fossil fuels, renewable energy sources became more common among
researchers. Therefore, there are many research papers to improve the efficiency of renewable
energy sources and make it more effective and reliable.
In [8], a 36W PV module is modeled and simulated with varying irradiation and
temperature. Two different MPPT techniques have been used, which are incremental
conductance (INC) and perturbation and observation (P&O) methods. The P&O algorithm is
uncomplicated in operation, and it requires less hardware as compared to the incremental
conductance technique. However, the power loss is little more as compared to the incremental
conductance technique.
In [9], an intelligent controller for optimizing the power generated by sources has been
developed, simulated, and evaluated with a capability to properly manage the power flow
between a PV-wind hybrid power system and energy storage system. The neural network
controller (NNC) is applied to achieve the MPP for PV modules, and perturb and observe (P&O)
algorithm is presented for comparison purposes. The NNC allows the PV system to reach the
maximum power point faster and with negligible fluctuations at steady-state condition.
The study in [10] reviews P&O, incremental conductance, and FLC MPPT techniques for
photovoltaic applications. Adjustments to the conventional P&O and incremental conductance
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algorithms are suggested, which let the hill-climbing controller track the maximum power point
under varying irradiation. Also, because the curve of the maximum power point voltage is not
linear, it adjusts the increment in the reference voltage to be matched with the operating point.
The efficiency is around 99.4 %, and the performances of the adjusted P&O and incremental
conductance algorithms and the fuzzy logic control are compared based on the results of the
efficiency tests. This paper concludes that the performance of the adjusted hill-climbing
algorithms is better than the fuzzy logic control (FLC) performance.
The study in [11] presents and reviews different types of bidirectional converters, and
processes of battery charging and discharging are analyzed. After analyzing different features of
the nonisolated bidirectional converter topologies, the nonisolated bidirectional half-bridge DCDC converter can be the most preferred option for hybrid systems applications.

CHAPTER 3
SOLAR PHOTOVOLTAIC ENERGY SYSTEM

3.1 Solar Source
3.1.1 Solar Radiation
The sun is one of the most important sources of renewable energy. The amount of solar
energy that reaches the Earth for only one hour can meet 100% of our energy needs for about one
year. In general, solar radiation is electromagnetic waves that are emitted by the sun. The amount
of solar radiation obtained by the Earth depends on some factors like geographical spot, the local
landscape, climate conditions, time of the day, and season [12]. The solar radiation that arrives at
the Earth's surface can be classified into two types of solar radiation. The first one is a direct
radiation moving in a direct path from the sun to the Earth's surface. The other type is called
diffuse radiation, which is a solar radiation arriving at the Earth's surface after having been
dispersed, as shown in (Figure 3.1) [13].

Figure 3.1: Types of solar radiation [13].
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3.1.2

Solar Spectral Irradiance

The spectral distribution of solar radiation plays a significant role in the performance of
PV devices. The spectrum of sun radiation is compared to the spectrum of a blackbody which
has a temperature of 6000K. A blackbody emits and absorbs all radiation falling on it. The
spectral density of the blackbody radiation can be defined by Planck’s law [14]. In (Figure 3.2)
the spectral density of the blackbody electromagnetic radiation compared to the solar radiation
outside and on the Earth’s surface is presented.

Figure 3.2: The solar radiation outside the atmosphere (AM0), on Earth’s surface (AM1.5), and
the blackbody radiation [12].

The knowledge of the impact of the radiation on PV cells is complicated because the
spectral density of the sun radiation is affected by various circumstances like temperature
variation on the solar disc and the impact of the atmosphere [12]. At the outer atmosphere, the
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density of the power radiation from the sun is about 1.373kW/m and the irradiation on the
2

surface of the Earth is around 1 kW/m2 [15].
According to the American Society for Testing and Materials (ASTM), there are two
various standards for the spectral distributions: a direct normal irradiance standard (DNI) and a
total spectral irradiance standard (global radiation). The direct normal irradiance standard
matches to the fallen radiation that vertically arrives at a surface straight from the sun. The total
spectral irradiance (AM1.5) standard matches to the spectrum of the straight and scattered
radiations [14].
The AM1.5 standards, which are direct normal and global standards, are described for a
PV cell with a surface facing the sunlight and sloping 37° [12]. AM describes the air mass which
affects the intensity and spectrum radiation. The AMX number describes the length of the solar
radiation path through the atmosphere.
Light deviation and absorption are directly proportional to the length of the solar
radiation path, and that has an impact on the spectral distribution of the light that arrived at the
PV cell [14]. The length of the solar radiation path is indicated by x, which is the coefficient of
the air mass (AMX) and is represented as:

𝑥=

#
$%& ()

(3.1)

The distributions of the AM1.5 standard match to the solar radiation spectrum with a solar zenith
angle θz = 48.19° [14]. Descriptions of the AM1.5 track and the radiation of the spectral
distributions standards are shown in (Figure 3.3).
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Figure 3.3: The AM1.5 track and the radiation of the spectral distributions standards [14].
Because of all factors affecting the solar radiation like geographical location and weather,
the AM1.5 standards can be considered as average estimates that can help the comparison of
various PV cells. Therefore, the AM1.5 spectral distributions standards are applied in PV
manufacturing.

3.1.3

Standard Test Conditions (STC)

Standard Test Conditions is an industrial standard used by most manufacturers to
measure the performance of various PV cells. The parameters and results acquired from the
measurement are ordinarily written on the manufacturer's datasheet. Measurements are made
under special test requirements which are irradiance intensity of 1000 W/m2, AM1.5 standard
spectrum, and PV cell or module temperature of 25C° with a tolerance of ± 2 C° [13]. However,
in the field, PV devices usually operate at higher temperatures and somewhat lower
temperatures. Therefore, manufacturers present performance data according to the nominal
operating cell temperature (NOCT), which aims to simulate reality more closely [16].
The measuring conditions of the NOCT are defined as follows:

2

§

Solar radiation on the PV device surface is 800 W/m .

§

Air temperature is 20C°.

§

Wind speed is 1m/s (2.24 miles / hour).

§

The mounting is an open back side [16].
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3.2 PV Cell Overview
3.2.1

The Difference Between PV Cell, Module, and Array

A photovoltaic cell is considered the essential element of the solar PV system. Usually
the amount of power generated by a PV cell is limited to a few watts of power due to the surface
area limitations. Therefore, PV cells are combined in series or parallel to build a PV module.
Also, PV modules can be combined in series, parallel, or both to build a PV array to generate a
desired current and voltage [5]. In (Figure 3.4) structures of a PV cell, module, and array are
shown.

3.2.1.1 PV Cell
A photovoltaic (PV) cell is a photodiode made from semiconductor p-n junction material,
and it can directly convert the solar radiation energy into electric energy. There are several kinds
of semiconductor materials used for PV cells manufacturing, and the most popular type of PV
cell is made from silicon. PV cells are combined in series to generate a high voltage and in
parallel to increase the current. Under Standard Test Conditions (STC), an individual PV cell
produces approximately 1.5W at a voltage of 0.5 to 0.6V [17].
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Figure 3.4: Structures of PV devices.

3.2.1.2 PV Module
A PV module, which is known as a panel, is a grouping of cells connected in parallel or
in series (typically 36 or 72) to produce more power and voltage, as presented in (Figure 3.4). In
the series connection, the voltage of the photovoltaic module is the total of the individual
voltages of every PV cell, and all the PV cells have the same current. But in the parallel
connection, the output voltage of the photovoltaic module will be similar to the voltage of a
single PV cell, as well as the current will be the total currents for every single PV cell [13].
3.2.1.3 PV Array
A PV array consists of many photovoltaic modules connected in series and/or parallel.
The output power of a separate module is not adequate to supply the required power in trading
applications, so PV modules are combined in series or in parallel to form a PV array to produce
more power. PV modules are combined like PV cells connected in a single module. They are
connected in parallel to increase the current and in series to boost the output voltage [7].

15
3.2.2

Working Principle of PV Cell

The photoelectric effect plays a significant role in a PV cell operation. This influence can
be described as the following. When a photon that comes from the solar radiation falls on a
photovoltaic cell, the electrons in the semiconductor become excited and jump from the valence
band, which is the highest energy band, to the conduction band and become free to move. These
electrons move in a specific track by the effect of the electric field. The movement of electrons
produces positive and negative terminals and a voltage between the terminals. Finally, the direct
current (DC) starts flowing through the circuit when an external circuit is connected between
these terminals [7]. The entire conversion process is explained in (Figure 3.5) [9].

Figure 3.5: Working principle of PV cell.
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3.2.3 PV Cell Technologies
There are many technologies in the PV industry, but in general, they are categorized into
three generations, depending on the type of material used and commercial marketing. The firstgeneration photovoltaic cells use crystalline silicon material types which are single crystalline
and polycrystalline (multicrystalline), and these types are based on silicon wafers [18]. The
second-generation PV cells use thin-film technology which was developed from the early 1980s
[19]. Third-generation photovoltaic cells use various materials, such as organic photovoltaic
cells, perovskite photovoltaic cells, and multi-junction concentrator PV cells. These technologies
have not yet been widely marketed because they are still under development [18]. Timeline of
solar cell energy conversion efficiencies for different photovoltaic technologies is shown in
(Figure 3.6).

Figure 3.6: Timeline of PV cell energy conversion efficiencies from NREL [20].
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3.3 Modeling of the PV System
PV system contains a photovoltaic array which transforms solar irradiation into electric
energy, a DC-DC buck-boost converter, and maximum power point tracking (MPPT) control
system to get the maximum power point (MPP). The block diagram of the proposed PV system
is shown in (Figure 3.7).

Figure 3.7: The proposed PV system.

3.3.1

Ideal PV Cell

The electrical circuit of an ideal PV cell is presented in (Figure 3.8) to clarify the analysis
of ideal PV cells in electrical circuits [12]. This circuit can be modeled by a current source
dependent on radiation and temperature in parallel with an inverted ideal diode. The following
equation can mathematically describe the ideal PV cell [21]:

𝐼 = 𝐼+, − 𝐼. 𝑒𝑥𝑝

1,
234

−1

(3.2)
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where:
§

IPV is the current produced by solar radiation (A).

§

I0 is the leakage current (A).

§

V is a cell voltage (V).

§

q is the electron charge which is approximately equal to (1.602×10-19 C).

§

α is the diode ideality factor.

§

T is temperature, in Kelvin (K).

§

k is the Boltzmann constant which is (1.3807×10-23 J/K) [12].

Figure 3.8: The electrical circuit of a single-diode PV cell [12].

The equation of the Shockley diode current (Id), which is the equation (3-3), is equal to
the second part of the equation (3-2), and the I-V characteristic curve of a PV cell describes this
equation in (Figure 3.9).

𝐼6 = 𝐼. 𝑒𝑥𝑝

1,
234

−1

(3.3)
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Figure 3.9: The characteristic I-V curve of a PV cell [21].
3.3.2 Modeling of PV Array
The PV cell or module is usually described by the single-diode model, as explained in
(Figure 3.8), or the double exponential model. The double exponential model has an extra diode
in parallel. This model is more appropriate than the single-diode model, but it is difficult to
solve. Therefore, the single-diode model is significantly used since it gives a great compromise
between efficiency and simplicity [22].
The ideal photovoltaic cell model can be expressed theoretically by using a current
source with an inverted diode; however, practically, parallel and series resistors are added to the
circuit to be more realistic as explained in (Figure 3.8).
The series resistance is placed due to the metal contacts and obstacle in the track of the
electrons stream from the N to P junction. The series resistance is a significant parameter
because it reduces the maximum output power and the short-circuit current of the photovoltaic
cell. The parallel resistance (RP) or shunt resistance represents the loss due to surface leakage
current or due to manufacturing defects [23]. Therefore, the current is represented based on
voltage and other additional parameters as shown in the following equation [7]:

𝐼 = 𝐼+, − 𝐼. 𝑒𝑥𝑝

,789:
2 ,;

,789:

−1 −

9<
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(3.4)

where:
§

IPV is the photocurrent (A).

§

I0 is the reverse saturation current (A).

§

V is the voltage across the diode (V).

§

α is the diode ideality factor.

§

VT is the thermal voltage (V).

§

RS is the equivalent series resistance (Ω).

§

RP is the equivalent parallel resistance (Ω).

The following equation illustrates the factors that affect the photocurrent of the photovoltaic cell:

𝐼=> = 𝐼+,,@4$ + 𝐾# ∆𝑇 (

F
F:;G

)

(3.5)

where:
§

IPV, STC is the generated current under STC (A).

§

K1 is the temperature coefficient of the short-circuit current.

§

G is solar radiation (W/m2).

§

GSTC is the solar radiation under STC (1000 W/m2).

The following equation represents the influence of the temperature on the reverse saturation
current [9]:
𝐼. = 𝐼.,@4$

4:;G I
4

𝑒𝑥𝑝

1 JK

#

2L

4:;G

−

#
4

(3.6)
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where:
§

I0, STC is the nominal saturation current at STC.

§

TSTC is the temperature at STC.

§

Eg is the band gap energy of semiconductor.

Also, by modifying the above equations, the reverse saturation current would be as [24]:

𝐼. =

𝐼𝑆𝐶,𝑆𝑇𝐶 + 𝐾1 ∆𝑇
𝑒𝑥𝑝

𝑉𝑂𝐶,𝑆𝑇𝐶 + 𝐾𝑣 ∆𝑇
𝛼 𝑉𝑇

(3.7)

−1

where:
§

ISC, STC is the short-circuit current at STC.

§

VOC, STC is the open-circuit voltage at STC.

§

KV is the temperature coefficient of the open-circuit voltage.

So, the output current equation of the photovoltaic array is represented as:
𝐼 = 𝐼+, 𝑁+ − 𝐼. 𝑁+ 𝑒𝑥𝑝

,789:

T:
T<

2 ,; U:

−1 −

,789:
9<

T:
T<
T:
T<

(3.8)

where NP is the total cells that are connected in parallel and NS is the total cells that are
connected in series.

By using MATLAB/Simulink, the PV array is designed with special specification to get
250 watts, as shown in (Figure 3.10) and (Table 3.1).
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Figure 3.10: The Simulink model of the PV array.

Table 3.1
PV Array Specification
Parameter

Value

Module

1Soltech 1STH-250-WH

Parallel strings

1

Series-connected modules per string

1

Maximum power

250.205 (W)

Open-circuit voltage

37.3 (V)

Voltage at the maximum power point

30.7 (V)

Short-circuit current

8.66 (A)

Current at the maximum power point

8.15 (A)
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3.3.3

PV Characteristics

The PV array consists of many single PV cells that are connected to obtain enough output
power. The characteristic of the photovoltaic array can be represented by multiplying the current
by the total of the parallel PV cells and multiplying the voltage of an individual PV cell by the
total of the series PV cells. The I-V and P-V characteristics of practical photovoltaic devices vary
from one model to another [25]. Three points on the characteristic curve of a PV device are
considered as essential points: short-circuit, open-circuit, and maximum power points, as shown
in (Figure 3.11) [13].

Figure 3.11: I-V and P-V characteristic curves.

PV device companies provide datasheets for all types of PV devices. The datasheets
supply basic experimental information about electrical characteristics of PV devices. The
following information could be found in PV device datasheets [26]:
§

Nominal short-circuit current (Isc,n).
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§

Nominal open-circuit voltage (Voc,n).

§

Current at the MPP (Imp).

§

Voltage at the MPP (Vmp).

§

Temperature coefficient of short-circuit current (KI).

§

Temperature coefficient of open-circuit voltage (KV).

§

Experimental maximum power (Pmax,e).

The experimental data are always provided with reference to STC or NOCT. Sometimes,
PV device manufacturers make the adjustment of the mathematical P-V and I-V equations easier
by providing P-V and I-V curves for varying temperature and irradiance conditions [12].
Another significant factor of the PV characteristics is the fill factor (FF). The fill factor
describes how square the I-V curve is, and it is represented as the ratio of two areas, as shown in
(Figure 3.12). Also, it presents an indication of the performance of the semiconductor of the
photovoltaic cell. Any impairment that decreases the fill factor also decreases the output power
by decreasing (Imp) or (Vmp) or both. The fill factor is less than 1 and depends on
semiconductor material [13]. The PV array can provide more power when the fill factor value is
close to unity. As shown in (Figure 3.12), the fill factor is determined as the shadow region
divided by the hatched region, and it is represented by the following equation [13]:

𝐹𝐹 =

+WX
,YZ 8[Z

=

,WX 8WX
,YZ 8[Z

(3.9)
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Figure 3.12: PV module characteristics showing the fill factor.

3.3.4

Factors Affecting PV Characteristic Curves

3.3.4.1 The Effect of Solar Radiation Variations
The PV characteristics (V-I and P-V characteristics) are largely dependent on the solar
irradiation because the short-circuit current is strongly dependent on the sun radiation and is
proportionally increasing with increasing irradiation. However, the change in the open-circuit
voltage (VOC) is slight with increasing the solar irradiation, as shown in (Figure 3.13) and
(Figure 3.14) respectively. So, the solar radiation level will change if there is any change in
environmental condition, and this causes an increasing or decreasing in output power value.
Consequently, maximum power point tracking (MPPT) algorithms are applied to keep the
maximum power constant [5].
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Figure 3.13: I-V characteristics with different irradiance for the PV array.

Figure 3.14: P-V characteristics with different irradiance for the PV array.

3.3.4.2 The Effect of Temperature Variations
Additionally, the temperature has an effect on photovoltaic characteristics. The shortcircuit current slightly increases with an increase in the internal temperature of the solar cell.
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However, the open-circuit voltage is very influenced by the temperature level significantly. The
temperature effect on photovoltaic characteristics can be observed in (Figure 3.15) [5]. In the
field, under sunlight conditions, the internal temperature of the PV cell is usually high, so the
efficiency of the PV cell becomes somewhat low [27].

Figure 3.15: Temperature effect on the PV characteristics.
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3.3.4.3 The Effect of Shading
One of the most influential factors that can influence the performance of a photovoltaic is
shading. Shading means a shadow on the outer surface of the PV devices that will reduce the
system power yield. A photovoltaic device starts generating less voltage or current when it is
shaded. The same current will stream through the circuit when PV devices are joined in series;
however, the area of the shaded part is unable to produce the same current. That means the area
of the shaded part begins behaving like a load and consuming power when PV devices are
connected in series. The system may get damaged by this problem. Therefore, the bypass diode
is used to reduce the damage in this condition, as shown in (Figure 3.16), a block diagram of a
PV array in shaded condition [7].

Figure 3.16: A PV array in shaded condition.
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PV characteristics become more nonlinear and having more than one maximum power
point because of the partial or total shading. So, in this condition, the MPPT becomes a difficult
task. The effect of shading on PV characteristics (P-V and I-V) can be seen in (Figure 3.17) [7].

Figure 3.17: The effect of shading on I-V and P-V characteristics.

3.4 Maximum Power Point Tracking of a PV System
Another necessary part of the PV system is tracking the maximum power point (MPP) of
a PV array. It is an electronic control system that can obtain the maximum power from a
photovoltaic system. MPPT is not a mechanical system that drives the PV arrays mechanically to
change their place and make them stand straight towards the sun. It is a fully electronic system
that is able to get MPPT by changing the operating point of the PV arrays [27]. Usually, a PV
module converts approximately 40% of the fallen solar radiation into electrical power. So, the
MPPT is applied to enhance the efficiency of the PV module. The maximum power is transferred
from the source to the load when their resistances are matched [9].
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The basic idea of MPPT is to automatically detect the maximum current Imp or voltage
Vmp that the photovoltaic modules should operate in to get the maximum power Pmpp under
specific irradiation and temperature conditions. The trickiest part in this operation occurs under
partial shading conditions when it is possible to obtain multiple peaks, as shown in (Figure 3.17),
and it is difficult to determine the absolute MPP [12].

3.4.1

MPPT Techniques

Maximum power point tracking (MPPT) techniques are required in photovoltaic
applications since the MPP of a PV module varies with the solar radiation and temperature.
Consequently, using MPPT algorithms is necessary to achieve the maximum power from a PV
module. Various techniques have been improved and published to detect the maximum power
point. These methods vary in several aspects like needed sensors, complication, the cost of
implementation, speed, tracking correction, and the ease of implementation. The most
conventional MPPT methods are [10]:
1- Perturb and observe (P&O).
2- Incremental conductance (INC).
3- Fractional open-circuit voltage.
4- Fractional short-circuit current.
5- Neural networks.
6- Fuzzy logic.

31
3.4.1.1 Perturb and Observe (P&O)
Each MPPT technique has strengths and weaknesses. The perturb and observe (P&O)
technique is one of the most popular and simple techniques of MPPT. In this algorithm, two
sensors are used to sense the PV array power, which are the voltage and current sensors. This
technique is considered simple and easy to implement [10].
In P&O strategy, the array voltage regularly produces a perturbation. After that, the new
PV output power is matched with the prior cycle. When a small perturbation is added to the
system, the photovoltaic array power is affected. So, if the variation in power is positive, the
perturbation remains in the same direction. But, if the variation is negative, the direction of
incremental voltage will be changed to the opposite direction.
Hence, the sign of the previous increase in power and perturbation are used to decide
what the next perturbation should be. The following equation below represents the change of
power, which explains the approach of the P&O method:
∆𝑃 = 𝑃𝐾 − (𝑃𝐾 − 1)

(3.10)

where:
PK = The new power point.
PK-1 = The prior power point of power.

The new MPP can be reached by comparing the new power point to the prior power
point. As shown in (Figure 3.18), on the right side of the maximum power point, when the
voltage decreases, the power will increase. On the left of the MPP, increasing the voltage leads
to increase in power. The P&O technique works well when the temperature and solar radiation
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conditions change slightly; however, it fails to track the maximum power point when the
atmospheric condition is quickly varied [28].
A common problem in this technique is that the voltage of the photovoltaic array is
perturbed each tracking cycle. So, the incremental conduction technique is used to avoid this
problem. The flow chart of the P&O algorithm is illustrated in (Figure 3.19) [10].

Figure 3.18: P-V characteristics (the principle of P&O technique).

33

Figure 3.19: Flowchart of P&O algorithm.

In the PV system, P&O algorithm will be used to track MPP, so this algorithm is
designed using MATLAB/Simulink, as presented in (Figure 3.20).

Figure 3.20: The Simulink model of P&O algorithm.
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3.4.1.2 Incremental and Conductance (INC)
Another common method is the incremental conductance (INC). This method uses two
sensors, which are the current and voltage of the photovoltaic array. This technique gives a good
performance and takes account of the rapidly varying atmospheric conditions [29]. The INC
approach depends on the point where slope of the curve of the photovoltaic array is zero at the
MPP, negative on the right of the maximum power point, and positive on the left, as the
following [10]:

•

(dP/dV) = 0, at the MPP

•

(dP/dV) > 0, at the left of MPP

•

(dP/dV) < 0, at the right of MPP

•

(∆I/∆V) = - I/V, at the MPP

•

(∆I/∆V) > - I/V, at the left of MPP

•

(∆I/∆V) < - I/V, at the right of MPP

The left part of the equations, which is (ΔI/ΔV), describes the incremental conductance of
the PV array, and the right part (I/V) represents the instantaneous conductance cycle. In this
method, comparing (ΔI/ΔV) to (I/V) is used to track the MPP. Once the MPP has been obtained,
the operation of the photovoltaic array is kept at this point. Also, the perturbation is disabled
unless a change in ΔI is observed. So, in this situation, the algorithm decreases or increases Vref
to detect the new maximum power point. The increase ratio defines how fast the maximum
power point is tracked [29].

35
3.4.1.3 Fractional Open-Circuit Voltage
Fractional open-circuit voltage technique, which is known as the constant voltage
method, is a technique based on the linear relationship between the open-circuit voltage (VOC)
of the photovoltaic array and the output voltage at the MPP (VMPP) under varying atmospheric
circumstances.

𝑉]++ ≈ 𝐾_ 𝑉%`

(3.11)

(Ki) is a constant depending on the photovoltaic array characteristics and it can be calculated by
detecting the (Vmpp) and (VOC) for various levels of solar radiation and temperatures. Usually, the
constant (Ki) value is between 0.71 and 0.8. Usually, the constant (Ki) value is between 0.71 and
0.8 for most PV modules in a temperature scale from 0 to 60◦C [30]. In this technique, the
photovoltaic array is tentatively isolated from the MPPT, then the open-circuit voltage (VOC) is
regularly calculated by turning the converter off temporarily. The maximum power point
tracking (MPPT) measures (VMPP) from the preset value of (Ki) and the measured value of the
open-circuit voltage (VOC). Subsequently, the PV array voltage is changed till (VMPP) is obtained.
The shut-down of converter regularly will cause a loss of power, so this leads to a situation
where the obtained power will not be the maximum. Although this method is very simple and
inexpensive for implementation, it is not suitable under the partial shading of the photovoltaic
array [30].

3.4.1.4 Fractional Short-Circuit Current
This technique is almost like the open-circuit voltage technique. This strategy is based on
the linear relationship between the photovoltaic modules output current at the MPP and the shortcircuit current:
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(3.12)

𝐼]++ ≈ 𝐾a 𝐼@$

where (𝐾a ) is a proportionality constant, and it should be calculated according to every
photovoltaic array, as the fractional open-circuit voltage technique. Usually, the value of

(𝐾a ) ranges from 0.78 to 0.91. Measuring the short-circuit current (ISC) during the operation is a
dilemma. Hence, an extra switch should be inserted to the converter to short the photovoltaic
array periodically and measure the short-circuit current (ISC) [10].

3.4.1.5 Neural networks
Another

maximum

power

point

tracking

technique

completely

suitable

to

microcontrollers are neural networks (NN). The architecture of neural networks is classified into
three layers: input, hidden, and output layers, as presented in (Figure 3.21). The input layer
variables can be parameters of the photovoltaic array like open-circuit voltage and short-circuit
current. Furthermore, it can be meteorological data like solar radiation and temperature.
The performance of NN depends on network training and the roles that are used by the
hidden layer. The output layer is commonly one or more reference signals. The data between the
inputs and outputs are recorded over a long period to execute this process and track the MPP
accurately [10].
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Figure 3.21: Architecture of neural network.

3.4.1.6 Fuzzy Logic Control
Over the last decade, a fuzzy logic control (FLC) technique has become popular because
it does not require an accurate mathematical model and can deal with imprecise inputs and
nonlinearity. This technique uses the fuzzy logic control to specify the incremental current size
in the current command of MPPT. Consequently, the convergence time of the MPP of the FLC
technique is better than the P&O technique.
However, the disadvantage of the fuzzy logic control (FLC) technique is that the
performance depends on designer skills, not on determining the right error computation. The
FLC technique will be explained extensively in Chapter 6.
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The Table (3.2) shows the main characteristics of different MPPT techniques comparing
by each other in their accuracy, implementation, speed, and other fields.

Table 3.2
Main Characteristics of Various MPPT Techniques [28]

Methods

Convergence
speed

Implementation
difficulty

Frequent
tuning

Sensed
parameters

Analog or
Digital

P&O

Varies

Low

N

V, I

Both

Varies

Medium

N

Fractional
(VOC)

Medium

Low

Y

V

Both

Fractional
(ISC)

Medium

Medium

Y

I

Both

NN

Fast

High

Y

Varies

Digital

FLC

Fast

High

Y

Varies

Digital

Incremental
Conductance
(INC)

V, I

Digital

CHAPTER 4
CONVERTERS

4.1 DC-DC Converters
A DC-DC converter is an electrical system applied to transform a DC voltage to a high or
low level. It is able to step the voltage level up or down, so it is comparable to an AC
transformer. The irregular DC voltage value can be regulated by adjusting the duty cycle ratio of
the converter. Three basic topologies (buck, boost, and buck-boost) will be illustrated below
[31].

4.1.1

Buck Converter

The basic idea of the buck converter is to decrease the voltage value. The simplest model
of this converter is shown in (Figure 4.1). When the switch is in a mode of conduction, the load
voltage is the same input voltage, and the current flows from the input to the load. When the
switch is open, the voltage across the load will be zero, and the current will be the same. Since
the power streams from the input to the output, the DC voltage across the output stays less than
the DC voltage across the input [7]. The average output voltage can be obtained from the
following equation [12]:
#

𝑉% = ( )
4:

4:
.

𝑉% 𝑡 𝑑𝑡 =

#
4:

(𝑡dU . 𝑉f ) + (𝑡dgg . 0) = (

iYj
4:

) . 𝑉%

(4.1)
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Hence, the duty cycle would be:

𝐷=

ilT
4:

(4.2)

And therefore,

𝑉% = 𝐷 . 𝑉f

(4.3)

Figure 4.1: A buck converter.

4.1.2

Boost Converter

The basic idea of this converter is to boost the voltage value. Figure (4.2) shows the
electrical circuit of the boost converter.

Figure 4.2: A boost converter.
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4.1.2.1 First-Mode Operation
When the switch is closed, the inductor stores the power which is later released against
higher voltage (VO). That way the energy is transferred from lower to higher voltage. In this
mode, the diode is used to prevent the current flow to the load. Also, the voltage across the
output increases by discharging of the capacitor, as presented in (Figure 4.3).

Figure 4.3: An on-state operation of a boost converter.

4.1.2.2 Second-Mode Operation
When the switch is open, the diode is shorted, and the power saved in the inductor gets
discharged and charges the capacitor. Additionally, the load current stays constant during this
cycle, as in (Figure 4.4) [32].

Figure 4.4: An off-state operation of a boost converter.
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The following equation is obtained by applying the inductor volt-second balance [33]:

𝑉f . 𝑡%m + 𝑉f − 𝑉. . 𝑡%nn = 0

(4.4)

This equation can be determined to obtain the ratio of the input to the output voltage [33]:
,Y
,o

=

#

(4.5)

(#p6)

The equation (4.5) is valid in the continuous conduction mode. In this mode, the output current
will not be a zero at any switching cycle.

The equivalent resistance seen by the photovoltaic module, expressed as (Req), is:

𝑅r1 =

,o
8o

=

#p6 ,Y
st
uvw

=

#p6 x ,Y
8Y

= 1−𝐷

This converter is designed by Simulink, as presented in (Figure 4.5).

Figure 4.5: The Simulink model of the boost converter.

y

𝑅z

(4.6)
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4.1.3 Buck-Boost Converter
The concept of the buck-boost converter is to boost or decrease DC voltage value [34].
This converter is the most significant type of switching regulators because it includes two
different topologies, which are the buck and boost converter topologies. Figure 4.6 shows the
electrical circuit of the buck-boost converter [12].

Figure 4.6: A buck-boost converter.

The output voltage level (VO) is adjusted by varying the duty cycle ratio (D) of the
switching transistor. The duty cycle ratio is represented as the ratio of operating time (on time) to
the total switching time. This converter works as the buck and boost converters depending on the
duty cycle value [7]. When the duty cycle value is less than 0.5, the converter works as a buck
converter and steps down the voltage. But, when it is higher than 0.5, the converter works as a
boost converter and steps up the voltage [33].
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4.1.3.1 First-Mode Operation
When the switches are in the mode of conduction, the input source is connected to the
inductor, and the inductor gets charged and stores the energy. In this step, the capacitor supplies
power to the load, as presented in (Figure 4.7) [33].

Figure 4.7: An on-state operation of a buck-boost converter.

4.1.3.2 Second-Mode Operation
When the switch is open, the inductor is connected to the capacitor and the load.
Consequently, the stored power is transmitted from the inductor to the capacitor and load, as
presented in (Figure 4.8) [33].

Figure 4.8: An off-state operation of a buck-boost converter.
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4.1.4

Buck-Boost Converter with MPPT

Maximum power of the photovoltaic module can be achieved by combining an intelligent
device to change the load resistance seen from the photovoltaic module. Power converters are
applied to modify and adjust the operating states to obtain the MPP. Figure 4.9 shows the
integration of a buck-boost converter into a photovoltaic system. The input voltage can be
controlled by adjusting the duty ratio of the converter. By using inductor volt-second balance, in
the continuous conduction mode, we obtain:

𝑉f . 𝑡%m + − 𝑉. . 𝑡%nn = 0

(4.7)

and
,Y
,o

=

6

(4.8)

(#p6)

and
8Y
8o

=

(#p6)

(4.9)

6

The load resistance will be expressed based on Ohm’s law as:

𝑅z =

,Y
8Y

=

6

y

#p6

.

,o
8o

(4.10)

So, the equivalent resistance seen from the photovoltaic module, expressed as (Req), is:

𝑅r1 =

,o
8o

=

#p6 y
6

. 𝑅z

(4.11)

This equation indicates that the equivalent resistance (Rd) counts on the duty cycle ratio of the
converter. Consequently, the maximum power of the photovoltaic module can be obtained by
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adjusting the duty ratio (D). The power at the load terminal would be:

𝑃z =

,Y x
9{

=

w
uvw

,o

9{

x

=

#p6 y
6

.

,o x
9{

=

,o x
9|}

Figure 4.9: A PV array with a buck-boost converter.

Buck-boost converter is designed by Simulink, as shown in (Figure 4.10).

Figure 4.10: The Simulink model of the buck-boost converter.

(4.12)

CHAPTER 5
WIND ENERGY SYSTEM

5.1 Wind Resource
Around 1% of the total solar radiation that arrives at the Earth is transformed into wind
energy. Wind can be defined as the natural movement of the air volumes, and it can be
determined by its velocity and its direction. This movement comes from the different values of
the atmospheric pressure resulted from the solar heating of various portions of the Earth’s
surface. Therefore, wind can be considered to be an indirect form of solar energy. Although the
air flows horizontally and vertically, only its horizontal flow is regarded as wind [35].

5.2 Wind System Components
This system includes a wind turbine that converts the wind’s kinetic energy into rotating
movement, a gearbox to adjust the rotational movement to generator speed to achieve the desired
output, and a generator which is applied to convert the mechanical power into electrical power.
Moreover, it includes a rectifier to convert AC to DC, a DC-DC converter, and a MPPT
controller to get the MPP. The block diagram of the wind energy system is presented in (Figure
5.1) [7].
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Figure 5.1: The proposed wind energy system.

5.3 Modeling of Wind Turbine System
Wind turbines are machines used to harness the wind energy and are classified based on
the direction of their axes compared with the wind flow. There are different models of wind
turbines classified into two main categories: horizontal and vertical axis turbines. Horizontal-axis
turbines are the most common used in both large-scale and small-scale energy production [35].

The basic idea of the wind turbine is to make electricity out of mechanic impact, which
arises from the kinetic energy in the wind to be delivered to the electric grid or be consumed by a
load. A wind turbine consists of a tower, rotor blades moving around a hub, and a gearbox
installed inside the nacelle. The essential parts of the wind turbine system are presented in
(Figure 5.2).
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Figure 5.2: Basic components of horizontal-axis wind turbines.

The purpose of the turbine blades is to harness the kinetic energy in the wind and transfer
it to the generator. The power in the wind (Pwind) in an area is given by the following equation
[36]:

𝑃~_mf =

#
y

𝜌𝐴 𝑣• I

(5.1)

where:
§

𝜌 is the density of the wind (Kg/m3).

§

A is the turbine swept area (m2).

§

𝑣• is wind velocity in (m/s).
However, the turbine captures only a fraction of this power, so not all the wind energy

can be used. According to Betz’s law, the theoretical maximum efficiency rate (Cp) of a wind
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turbine is 59.3%. Many smaller wind turbine generators (WTG) (less than 4kW) on the market
have an efficiency rate of 20%; however, a suitable WTG with blades that have good
aerodynamics can have efficiency rates of up to 40%. So, the efficiency rate value varies from a
turbine to another. The power obtained by the turbine (Pm) can be represented as [2]:

𝑃‚ = 𝑃~_mf 𝐶= (𝜆)
𝑃‚ =

#
y

𝐶= 𝜆, 𝛽 𝜌𝐴 𝑣• I
𝜆 =

…9

(5.2)
(5.3)
(5.4)

>

where:
§

Pm is the mechanical power of the wind turbine (W).

§

CP is the performance coefficient of the turbine.

§

𝛽 is the blade pitch angle (deg).

§

𝜆 is the tip-speed ratio.

§

𝜔 is the turbine rotational speed (rad/sec).

§

𝑅 is radius (m).

The equation (5.3) can be normalized, and in the per unit (pu) system would be as [2]:

𝑃‚_=ˆ = 𝐾=

𝐶=X‰

𝑣 I •X‰

where:
§

Pm_pu is power in (pu) of nominal power for values of ρ and A.

§

Cp_pu is performance coefficient in (pu) of the maximum value of Cp.

(5.5)
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§

Vw_pu is wind speed in (pu) of the base wind speed, which is the mean value of the
prospective wind velocity in (m/s).

§

Kp is the power gain for Cp_pu and Vw_pu, and it is less than or equal to one.

Also, the torque of the turbine could be expressed as:
𝑇=

#
y

𝐶i 𝜆, 𝛽 𝜌𝐴 𝑅𝑣• y

(5.6)

where 𝐶i 𝜆, 𝛽 is the torque coefficient of the wind turbine and can be determined as:
𝐶i 𝜆, 𝛽 =

$X Š,‹

(5.7)

Š

In addition, the turbine coefficient (CP) is determined in terms of the tip-speed ratio (𝜆) and the
blade pitch angle (𝛽) as the following equation [11]:
𝐶= 𝜆, 𝛽 = 𝐶# ( 𝐶y

#
Šu

p $•

) − ( 𝐶I 𝛽 − 𝐶Œ ) (𝑒

u
Žu

) + (𝐶• 𝜆)

(5.8)

The coefficients C1 to C6 are: C1 = 0.5176, C2 = 116, C3 = 0.4, C4 = 5, C5 = 21, and C6 = 0.0068
[11]. Hence:
𝐶= 𝜆, 𝛽 = (0.5176)

##•
Šu

− 0.4𝛽 − 5 𝑒

vxu
Žu

+ 0.0068 𝜆

(5.9)

Also, the parameter (1/𝜆# ) is defined as the following equation, where 𝜆# is a constant [11]:
#
Šu

=(

#
Š 7...– ‹

−

...I—
#7 ‹ ˜

)

(5.10)
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The Cp-λ curves, for various pitch angles, are shown in (Figure 5.3). The highest value of Cp is
obtained at β = 0 and the nominal value of the tip-speed ratio λ.

Figure 5.3: Cp-λ characteristics of wind turbines for various values of pitch angle β.

By using MATLAB/Simulink, the wind turbine is designed with special specification to
get 250 watts, as shown in (Figure 5.4) and (Table 5.1). Figure (5.5) shows the turbine power
characteristics at β = 0.
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Figure 5.4: The Simulink model of the wind turbine.

Table 5.1
Wind Turbine Specification
Parameter

Value

Nominal mechanical output power

2.5e2 (W)

Base power of the electrical generator

2.5e2/0.9 (VA)

Base wind speed

12 (m/s)

Maximum power at base wind speed

0.8 (per-unit of the nominal mechanical power)

Base rotational speed

1 (per-unit of base generator speed)
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Figure 5.5: Wind-turbine power characteristics at β = 0.

5.4 Generators
Generators can be categorized based on the current types. There are AC and DC
generators. In both cases, the generated voltage is AC. It can be transformed to direct current by
adding a commutator. Also, AC generators can be classified based on the rotor speed. There are
two suitable types of AC generators for wind generation: synchronous generators, which are
constant-speed machines, and induction generators, which are variable-speed machines.
Although doubly fed induction generator (DFIG) and permanent magnet synchronous generator
(PMSG) are appropriate for the wind energy system, PMSG will be used to reduce the supply
requirement [7].
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5.4.1. Modeling of PMSG
In the d-q synchronously rotating reference system, the PMSG model can be expressed
by the following equations:
f
fi
f
fi

𝑖f =

𝑖1 =

#
z}

#
zo

𝑣f −

𝑣1 −

𝑇r =

I
y

9[
z}

9[
zo

𝑖1 +

𝑖f +
zo
z}

z}
zo

𝑝𝑤‚ 𝑖1

𝑝𝑤‚ 𝑖f −

(5.11)

Š=•W
z}

𝑝 𝜆𝑖1 + (𝐿f − 𝐿1 𝑖f 𝑖1 ]

(5.12)

(5.13)

where Ld, Lq are the generator inductance on the d-q axis; Rs is the stator resistance; id, iq are,
respectively, the dq-axis currents; vq, vd are the dq-axis voltages; wm is the rotor angular speed; λ
is the amplitude of the flux induced; p is the number of pole pairs; and Te is the electromagnetic
torque [5].

PMSG is designed using MATLAB/Simulink, as shown in (Figure 5.6), with certain
specification, as shown in (Table 5.2).

Figure 5.6: Permanent magnet synchronous generator model (PMSG).
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Table 5.2
PMSG Specification
Parameter

Value

Stator phase resistance

0.05 (ohm)

Armature inductance

635e-6 (H)

Flux linkage

0.192 (V.s)

Inertia

0.011(kg.m2)

Viscous damping

1.889e-3 (N.m.s)

Number of pole pairs

4

Static friction

0 (N.m)

5.5 Pitch Angle Controller
The control of aerodynamic systems is very significant for adjusting the mechanical
power. Pitch angle control is the most popular method for adjusting the torque of the wind
turbine. During wind velocity is below the nominal value, the optical angle is almost zero and
when wind speed rises, angle increases. The pitch angle controller has a significant impact on
performance coefficient of the wind turbine and the turbine torque value [37].
As presented in (Figure 5.7), the rotor speed is added with the nominal speed to obtain
the output value of the pitch angle which affects the performance coefficient of the wind turbine
(CP) [38].
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Figure 5.7: The pitch angle controller.

5.6 AC-DC Rectifier
A rectifier is a power electronic device used to convert AC to DC, and it is classified into
a controlled and uncontrolled rectifier. The uncontrolled rectifiers only consist of diodes, and the
controlled rectifiers comprise of thyristors or transistors. Because the diode has no gate, it cannot
be controlled by a control signal. A three-phase diode rectifier consists of six diodes, and it will
be applied to transform the AC output voltage of PMSG to DC voltage, as shown in (Figure 5.8)
[2].

Figure 5.8: A three-phase diode rectifier.
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5.7 MPPT of Wind Power System
Incremental conductance algorithm (INC) is one of the most popular techniques for
maximum power tracking in photovoltaic systems, and it has been explained in Chapter 3. A
DC-DC converter is required to apply this method in the wind power system. Therefore, a DCDC boost converter will be used. The core idea of incremental conductance algorithm for the
wind power system is that when maximum power is achieved at a particular wind velocity, CP is
a fixed value. Maximum mechanical power is proportional to the cube of the wind velocity ( 𝑣• )
and the cube of the optimum rotor angular speed (w%=i ) that makes the tip-speed ratio (λ)
remain at the optimal value (λopt) in the equation (5.4) [39]:
𝑃‚•ž ∝ 𝑣• I ∝ w%=i I

wr = 𝑝 w%=i

(5.14)

(5.15)

where ( wr ) is the angular speed of the PMSG and (p) is the number of generator poles.

𝑉•` = 𝐸 − 𝐼•` 𝑅& + 𝑗 wr 𝐿& = 𝐾r 𝜑 w%=i − 𝐼•` ( 𝑅& + 𝑗 wr 𝐿& )

(5.16)

where (Vac) is the amplitude of AC voltage from PMSG, (Ke) is a coefficient, (Iac) is the
amplitude of AC current from PMSG, (Ls) is inductance of stator, and (Rs) is resistance of stator.
The uncontrolled rectifier transforms the AC output power of the PMSG to a DC form.
Therefore, DC voltage can be determined by the following equation [39]:

𝑉f` =

I I
£

𝑉•`

(5.17)

Hence, the optimal DC voltage amplitude (Vdc-opt) after the rectifier is directly proportional to the
optimal angular speed of the rotor (wopt):
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(5.18)

𝑉f`p%=i ∝ w%=i
Also, the maximum power is proportional to the cube of (Vdc-opt):

𝑃‚•ž ∝ 𝑉f`p%=i I

(5.19)

As explained in the Chapter 3, INC technique focuses on the derivative of power (P) to
voltage (V).
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(5.20)

= 0, the MPP is reached.
> 0, the power point is left to the MPP.
< 0, the power point is right to the MPP.

The equation (5.20), −

𝐼
𝑉

=

f8
f,

when

f+
f,

= 0, where (I/V) describes the instantaneous

conductance of the turbine and PMSG, and (dI/dV) is the instantaneous variation in conductance.
By inserting a value to the duty cycle ratio of the power electronic device, the conductance in the
system will vary due to the variation (on and off) of the switch. The optimal duty cycle ratio is
reached, and MPP is obtained from the wind when the instantaneous change of conductance
equals to the negative instantaneous conductance [39].
The sign of (dP/dV) determines if the duty cycle ratio of the power converter should be
decreased or increased. Figure (5.9) shows the Simulink model of MPPT control for the wind
power system. Figure (5.10) illustrates the flowchart of INC method.
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Figure 5.9: The Simulink model of INC MPPT control.

Figure 5.10: Flowchart of incremental conductance algorithm for the wind power system.

CHAPTER 6
BATTERY AND POWER MANAGEMENT SYSTEM

6.1 Introduction
The battery is a storage device that stores excess electrical energy, and it can be used as a
power supply. In this thesis, the battery storage system is connected to a fuzzy logic controller
(FLC) as well as both the PV and wind power systems. FLC is used to regulate the power flow in
the entire hybrid system. The power flow in the battery storage system should be
multidirectional. Therefore, a bidirectional converter is required to charge and discharge the
battery when there is a surplus or deficit of power [7]. The block diagram of the battery storage
system is shown in (Figure 6.1).

Figure 6.1: The battery storage system.
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6.2 Battery
A battery is a combination of one or more electrochemical cells, so it can transform
chemical energy into electricity. There are different types of batteries that depend on chemicals
used such as nickel metal hydride (NiMH), lead acid, lithium ion (Li-ion), lithium polymer and
nickel cadmium (NiCd) [40]. The battery is designed using MATLAB/Simulink, as shown in
(Figure 6.2), with specific specification, as shown in (Table 6.1).

Table 6.1
Battery Specification
Parameter

Value

Type

Lead-Acid

Nominal voltage

110 (V)

Rated capacity

5 (Ah)

Initial state of charge

100 (%)

Battery response time

0.00001 (s)

Maximum capacity

5.2083 (Ah)

Cut-off voltage

82.5 (V)

Fully charge voltage

119.7697 (V)

Nominal discharge current

1 (A)
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Figure 6.2: The Simulink model of the battery.

As shown in (Figure 6.3), the battery discharge characteristics for nominal discharge
current (1A) compared to other discharge currents (2, 4, and 6A).

Figure 6.3: Battery discharge characteristics.
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6.3 Bidirectional DC-DC Converter
Bidirectional DC-DC converters are called based on their capability to allow the power
flow in two directions. These types of converters are used in many applications such as
uninterruptible power supplies (UPS), battery storage systems, and renewable energy systems.
The bidirectional DC-DC converter can be classified into buck and boost type based on the
design of the system. The boost type is put on the low-voltage side, and the buck type is put on
the high-voltage side. In general, bidirectional DC-DC converters are categorized into two main
types according to the isolation between the input and output: a nonisolated and isolated type [7].
The general circuit structure of most of the bidirectional DC-DC converters can be described in
(Figure 6.4) [41].

Figure 6.4: Bidirectional power flow.
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6.3.1

Nonisolated Bidirectional DC-DC Converters

This type of converter can be obtained from the converters that work in a single direction
by using bidirectional switches. Some types of converters do not support the bidirectional power
flow such as buck and boost converters because these converters have diodes that work only in a
single direction. But that can be solved by using an antiparallel diode such as IGBT or MOSFET
to allow the current to flow in both the directions [7].

6.3.2

Isolated Bidirectional DC-DC Converters

An isolated bidirectional converter works in wide power ranges. In this type of converter,
isolation is usually provided by a power transformer, and the transformer only operates in AC
system. So, adding AC link in the system increases the difficulty of the system. There are
different models of isolated bidirectional converters such as a fly-back, forward fly-back, half
bridge, and full bridge converters [41].

6.4 Bidirectional DC-DC Converter for Charging and Discharging
In the hybrid system, the bidirectional DC-DC converter is used to charge and discharge
the battery based on the excess and deficit of power. When the supply is greater than demand,
i.e., there is an excess of energy, the battery is charged, enabling the converter to run in the
forward direction. When the supply is less than demand, i.e., there is a deficit in power, the
battery is discharged, and it starts supplying the deficit of power to the load. In this case, the
converter starts operating in the reverse direction. The bidirectional DC-DC converter is
connected to the battery and the FLC, as shown in (Figure 6.5).
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Figure 6.5: The Simulink model of the bidirectional DC-DC converter.

6.5 Fuzzy Logic Control-Based Power Management Strategy
The dynamic interaction between the hybrid PV/wind/battery system, power electronic
converters, and the load can drive to problems in the system stability or reduce the power quality
of the system. Therefore, control and management of the power distribution system are very
significant in the hybrid system.
The operating system mode should be changeable because the solar and wind energy
sources are repeatedly variable over time. Solar energy may be the dominant energy source
during the day, and the wind energy system may be dominant during the night. Therefore, two
fuzzy logic control (FLC) systems are used to regulate and control the power flow between the
PV, wind, and battery systems. The first FLC is used to control charging and discharging of the
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battery, and the other is applied to regulate the PV and wind systems under varying weather
conditions (solar irradiance and wind speed).

6.5.1 FLC for the Battery System
This fuzzy logic controller is applied to control the charging and discharging mode for
the proposed hybrid system, as shown in (Figure 6.5). The input variable of fuzzy control is
Error (ΔP) and can be determined by the following equation:

𝐸𝑟𝑟𝑜𝑟(𝛥𝑃) = 𝑃+, + 𝑃~_mf − 𝑃z%•f

(6.1)

where:
-

PPV is the power generated by the photovoltaic system.

-

PWind is the power generated by the wind energy system.

-

PLoad is the power load.

When Error (ΔP) is a positive value, the fuzzy controller will be in the charging mode, and when
it is a negative value, the fuzzy controller will be in the discharging mode.

6.5.1.1 Design of the Battery System Controller
There are different techniques to design a fuzzy logic controller. The design of the FLC
requires the creation of membership function and rule base [42]. The proposed fuzzy controller,
for the battery system, is designed using Fuzzy Logic Toolbox in MATLAB. This controller has
one input variable, which is Error (ΔP), and two output variables, which are Battery Charge (BC)
and Battery Discharge (BD), as shown in (Figure 6.6).
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Figure 6.6: The proposed fuzzy inference system for the battery system.

6.5.1.2 Membership Function
The membership function of input variable Error (ΔP) is designed with certain
specification to be in charging or discharging mode. The range of input variable Error is between
-500 and 500. As mentioned earlier, when Error (ΔP) is a negative value between 0 and -500, the
battery will be in discharging mode, and when it is a positive value between 0 and 500, the
battery will be in charging mode, as shown in (Figure 6.7) and (Figure 6.8).
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Figure 6.7: The membership function plot of the input variable (charging mode).

Figure 6.8: The membership function plot of the input variable (discharging mode).
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6.5.1.3 Fuzzy Control Rules
The fuzzy rules are described by conditional statements in the form IF-THEN. The
system strategy works based on conditional statements. So, the fuzzy rules are considered the
roadmap for the system [43]. As shown in (Figure 6.9), the fuzzy control rules are set based on
power flow management for the proposed hybrid system.

Figure 6.9: The fuzzy control rules for the battery system.
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6.5.2 FLC for the Hybrid System
This controller is applied to control the PV and wind systems under varying solar
irradiance and wind speed. It is designed to make the hybrid system work perfectly in nine cases.
The proposed fuzzy controller for the hybrid system is designed using Fuzzy Logic Toolbox in
MATLAB. This controller has two input variables, which are solar radiation and wind speed, and
two output variables, which are PV power (on or off) and wind power (on or off), as shown in
(Figure 6.10).

Figure 6.10: The proposed fuzzy inference system for the hybrid system.
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The control strategy of the solar radiation depends on the radiation level. The radiation
has been divided into three levels: low (from 0 to 250), medium (from 230 to 750), and high
(from 730 to 1000). The PV system works when the radiation is medium or high by controlling a
circuit breaker. Figure 6.11 describes the membership function plot of the radiation.

Figure 6.11: The membership function plot of the solar radiation.

Also, the wind speed has been divided into three levels: low (from 0 to 4), medium (from
3.8 to 8), and high (from 7.8 to 12). The wind power system runs when the wind speed is
medium or high by controlling a circuit breaker. Figure 6.12 describes the membership function
plot of the wind speed.
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Figure 6.12: The membership function plot of the wind speed.

This control is designed to make the hybrid system stable and to obtain a constant output
voltage under changing operation modes. So, fuzzy control rules are set to cover all expected
operating conditions, as shown in (Figure 6.13) and (Figure 6.14).

Figure 6.13: The fuzzy control rules for the hybrid system.
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Figure 6.14: The fuzzy control rules viewer for the hybrid system.

CHAPTER 7
SIMULATION AND RESULTS

In this chapter, the hybrid system will be simulated using MATLAB/Simulink. Three
operation modes are simulated to illustrate the stability of the proposed hybrid system. Figure 7.1
shows the Simulink model of the entire hybrid system.

Figure 7.1: The Simulink model of the entire hybrid system.
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7.1 Operation Mode 1
This case is represented when only the PV system is on and the other systems, which are
the wind and battery systems, are completely off. The solar radiation varies from 250 to 1000
w/m2, and it will be in the range of the medium and high levels. The temperature ranges from 25
to 45 C°. The load frequency is set 50Hz and the active power is suggested to be 200W. Even
though the wind speed is zero (off), and radiation and temperature are variable, the load voltage
is constant (110V), as shown in (Figure 7.2).

Figure 7.2: The load voltage under different radiation and temperature.

As mentioned earlier, the maximum power generated by the photovoltaic array is 250W.
After simulation, the actual maximum power generated, at STC, is around 248.5W, and the
maximum output power of the PV system is approximately 238W. So, the efficiency is around
96%, as shown in (Figure 7.3).
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Figure 7.3: The power generated by the PV array and the power after the DC-DC converter.

The actual maximum voltage of the PV array is around 29.5V, and the output voltage
after the DC-DC converter is 40V. The maximum input current is around 8A, and the output
current is approximately 0.3A, as shown in (Figure 7.4).

Figure 7.4: The voltage and current generated by the PV array and the voltage and current after
the converter.
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7.2 Operation Mode 2
This case is represented when the wind power system is on and the other systems are
completely off. Wind speed ranges from 4 to 12 m/s. As shown in (Figure 7.5), the load voltage
is still constant under varying wind speed.

Figure 7.5: The load voltage under different wind speed.

The maximum power value after the PMSG is around 294.5W, and the maximum output
power of the wind power system is 247.4W. Hence, the efficiency of the proposed wind power
system will be 84%, as shown in (Figure 7.6). This efficiency is just for electrical power after the
PMSG. It is not for the wind turbine because the efficiency of the wind turbine depends on the
mechanical power and some other factors.
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The maximum AC voltage after the PMSG is approximately 195V, and the maximum
output voltage of the wind power system is 200V. The current after the PMSG and after the
converter is very low, as shown in (Figure 7.7).

Figure 7.6: The input and output power of the wind turbine system.

Figure 7.7: The voltage and current after the PMSG and after the DC-DC converter.
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7.3 Operation Mode 3
This operation mode consists of two parts. At first, when the PV and wind systems are
completely off, then when both systems run at the same time. In the first part, when the PV and
wind systems are off, the battery is in the discharging mode to supply the load and maintain a
constant voltage level on the load side. In the second part, when the PV and wind systems run,
the battery will be in the discharging mode for a while, after which it will be in the charging
mode. As shown in (Figure 7.8), the desired load voltage, which is 110V, is achieved under
varying weather conditions.

Figure 7.8: The load voltage under different radiation, temperature, and wind speed.

As shown in (Figure 7.9), at 0.5s, the battery is still in the discharging mode although the
PV and wind systems start operating. At approximately 1s, the battery stops discharging and
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starts charging, and the battery voltage is increased to be around 115V. The battery current is
increased during the discharging mode and decreased in the charging mode.

Figure 7.9: The battery status under different radiation, temperature, and wind speed.

CHAPTER 8
CONCLUSION AND FUTURE WORK

This study has designed and simulated a hybrid PV/wind system with battery storage.
The PV system has been studied individually as well as the wind turbine system and the battery
storage system. After that, the entire proposed hybrid system has been studied and simulated.
MPPT controllers have applied for the PV system and wind system to track the maximum
power point. In the PV system, perturb and observe (P&O) MPPT technique and a buck-boost
converter have been used to adjust the duty cycle and obtain the MPP. The I-V and P-V curves
of the PV system can be improved by increasing the irradiance and decreasing the temperature.
Conversely, decreasing the irradiance or increasing the temperature adversely affects the I-V and
P-V curves.
In the wind turbine system, a PMSG has been used to convert the mechanical power
output of the wind turbine into an electrical power. After the AC-DC conversion, incremental
conductance (INC) MPPT algorithm and a boost converter were used to get the MPP.
A battery storage system was used with a bidirectional DC-DC converter to store excess
power and to supply power to the load. A FLC has been applied to control charging and
discharging process in the battery storage system. Moreover, another FLC was used to control
and adjust irradiance and wind speed.
The entire hybrid system has been designed and simulated using Simulink under varying
weather conditions and with different operation modes. The proposed hybrid system can work

83
perfectly when at least one of the three systems works. The desired load voltage which is 110V
has been achieved in all operation modes, under varying solar radiation, temperature, and wind
speed.
It can be concluded that the use of a hybrid system that includes a PV and wind turbine
system with a battery storage system is efficient, and it is more reliable than an individual PV or
wind power system. Adding another hybrid system with a new power management strategy
would be a good topic for the future. Also, MPP can be tracked using different and efficient
algorithms.
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